in isoelectric point in three proteins. We have purified one of these proteins, raised an antibody to it, and isolated and sequenced its cDNA. At the amino acid level, the sequence shows 68% identity and 81% similarity to bovine smg p25a GDP dissociation inhibitor (GDI), a regulator of ras-like small GTPases of the rab/SEC41YPTl subfamily. The correlation between a basic shift in isoelectric point in Drosophila GDI in quartet mutant tissue and the quartet developmental phenotype raises the possibility that a posttranslational modification of GDI is necessary for its function and that GDI function is essential for development.
Small GTPases have been shown to play critical roles in regulating several fundamental cell processes, including signal transduction, protein synthesis, and vesicular transport (for reviews, see references 7, 8, 20, and 42) . At least three classes of regulatory proteins are involved in the control of small GTPases: (i) GTPase-activating proteins, which activate GTP hydrolysis; (ii) guanine nucleotide-releasing proteins, which are essential for the release of GTP and GDP from GTPases; and (iii) GDP dissociation inhibitors (GDIs), which prevent the dissociation of GDP from small GTPases. GTPase-activating proteins and guanine nucleotide-releasing proteins have been identified in genetically tractable systems. We present here the identification of a GDI gene in Drosophila melanogaster. This is the first report of a complete GDI sequence in a genetic model system. This GDI shows a shift in isoelectric point in the Drosophila developmental and mitotic mutant quartet. This discovery opens the way for genetic analysis of the functions of GDIs and their role in cellular processes and raises the possibility that a posttranslational modification of GDI is needed for its function.
The Drosophila developmental mutant quartet has a complex phenotype. Developmental defects in quartet animals involve late larval lethality, small imaginal discs, and reduced mitotic activity in larval brains (31, 32, 47) . When expressed in the adult female, quartet mutations produce a maternal lethal effect on the embryo, with incomplete chromosome separation during early embryonic mitotic divisions (47) . This constellation of phenotypic defects indicates that the quartet gene product is essential for development.
Together with these developmental defects, quartet has an interesting and unusual biochemical phenotype. In quartet homozygous animals, three abundant proteins undergo a change in overall charge, as evidenced by a basic shift in mobility on two-dimensional (2D) gels (13) . Of 300 proteins which can be reproducibly distinguished on these high-* Corresponding author.
resolution gels, only 3 of these are shifted in quartet tissue. Rigorous genetic tests have shown that this charge shift is due to mutation of only the quartet locus and not to mutations outside the quartet locus that may be linked to quartet (12). The severity of the developmental defects closely correlates with the amount of protein that is shifted. In severe quartet alleles, a larger portion of each affected protein is shifted to the more basic isoform. In mild quartet alleles, only a small portion of each affected protein is shifted to the more basic isoform. Finally, the charge shift and the quartet developmental defects are both temperature sensitive in a temperature-sensitive allele of quartet (11). These correlations between charge shift and quartet developmental defects indicate that the shifted proteins are intimately, perhaps causally, correlated with the developmental defects in quartet mutants. A working hypothesis connecting the quartet developmental phenotype with the biochemical phenotype is that the quartet locus codes for an enzyme which posttranslationally modifies three proteins. Mutations in quartet could destroy the activity of this enzyme and result in an altered charge in these proteins, which can then no longer function normally. Because the more basic isoform of each protein accumulates in quartet tissue, it is possible that this modification is an acidic modification. Alternatively, it could be that the wild-type quartet gene product removes a basic modification. The proteins shifted in the quartet phenotype could play important roles in development and may have to be posttranslationally modified to carry out these roles.
In this report, we describe the isolation of one of the quartet-shifted proteins and demonstrate that it is homologous to the bovine smg p25a GDI (28) . Bovine GDI is a regulator of small GTPases of the rab/YPTJ/SEC4 family (38, 39) . The conceptual translation of the Drosophila GDI sequence shows 68% identity and 81% similarity to the sequence of bovine smg p25a GDI. The correlation between the basic shift of the Drosophila GDI and the quartet developmental defects indicates that posttranslational modification of GDI could regulate its function.
MATERIALS AND METHODS
Fly stocks. Fly stocks were maintained at 20°C, unless indicated otherwise, in plastic vials on standard cornmealmolasses-agar medium with propionic acid added to inhibit mold. Fly embryos were obtained from a fly population facility maintained by the laboratory of S. C. R. Elgin, Department of Biology, Washington University. Ovaries for 1D and 2D gels were from Oregon-R flies or from red flies.
red is the genetic background in which the quartetRW63o mutation was induced.
Buffers. Homogenization buffer consists of 0.1 M 2-(Nmorpholino)ethanesulfonic acid (MES; pH 6.9), 5 mM ethylene glycol-bis(,B-aminoethyl ether)-N,N,N',N'-tetraacetic acid (EGTA), 0.9 M glycerol, 0.5 mM ATP, 10 mM sodium p-tosyl-L-arginine methyl ester, 1 mM phenylmethylsulfonyl fluoride, 0.2 mM dithiothreitol, and 0.05% NaN3. DEAE buffer consists of 10 mM Tris HCl (pH 8.0), 0.1 mM EGTA, 0.5 mM ATP, 0.2 mM dithiothreitol, 0.05 mM MgCl2, and 0.05% NaN3. Hydroxylapatite (HAP) buffer consists of 10 mM potassium phosphate (pH 7.0), 0.5 mM ATP, 0.02 mM dithiothreitol, and 0.05% NaN3.
Protein b6.1 isolation. All procedures were carried out at 4°C. Protein concentrations were measured by using the Bradford assay (9) with bovine serum albumin as the standard. This protocol for protein b6.1 isolation (15) was based on the protocol of Wang and Spudich (46) for isolation of a 45-kDa, pI 6.0 protein from sea urchin embryos. The starting material was 0 to 24-h-old Drosophila embryos which were frozen at -70°C immediately after collection. A 100-g portion of frozen embryos was homogenized in 200 ml of homogenization buffer in an Osterizer Touch 'N' Pulse blender for two 30-s pulses on the liquify setting. Centrifugation at 20,000 x g for 60 min in the GSA rotor of a Sorvall RC2B centrifuge removed large particulate debris, such as vitelline membranes and yolk protein. The supernatant was then filtered through one layer of Nitex 180-Rm mesh. The filtrate was dialyzed overnight into DEAE buffer with three changes of 2.5 liters each. In a typical run, a total of 800 to 900 mg of protein in 100 ml of DEAE buffer was loaded onto a DEAE-cellulose column (no. D-3764, microgranular; Sigma Chemical Co.) that was 33 cm high and 2.6 cm in diameter. After a 100-ml wash with DEAE buffer, a 0 to 0.3 M NaCl gradient in 520 ml was passed through the column. The flow rate was 30 ml/h, and 4-ml fractions were collected. Protein concentration was monitored by using an ISCO model UA-5 UV column monitor. Conductivity was measured with a YSI model 32 conductance meter. Fractions with conductivity corresponding to 0.14 to 0.15 M NaCl were pooled and concentrated. A 10-mg portion of protein in 1 ml was loaded onto a Sephadex G-100 (Pharmacia-LKB) column that was 84 cm high and 1.6 cm in diameter. The flow rate was 12 ml/h, and 1-ml fractions were collected. Carbonic anhydrase, bovine serum albumin, and cytochrome c were used to calibrate the column. The fractions containing 45-to 60-kDa proteins were pooled and dialyzed overnight into HAP buffer with three changes of 1 liter each. A 3-mg portion of protein in 5 to 10 ml was loaded onto a HAP column (BioGel-HTP; Bio-Rad) that was 5 cm high and 1.5 cm in diameter. Proteins were eluted with a 50-ml gradient of 0.01 to 0.5 M potassium phosphate (pH 7.0) at 12 ml/h. Antibodies to HAP protein b6.1. Approximately 0.5 mg of HAP protein b61 was loaded onto a sodium dodecyl sulfate (SDS)-10% polyacrylamide gel and separated electrophoretically. The major band was cut out and emulsified with 1 ml of RIBI adjuvant (RIBI ImmunoChem Research Inc., Hamilton, Mont.), and 200 ,ul was injected intraperitoneally into a mouse. This injection was repeated twice more at 10-day intervals. A total of six mice were subjected to this regimen. The sera were tested by Western immunoblotting to 1D and 2D blots of the G-100 purified protein and of total ovary proteins (22) . Four mice showed a positive response. The antiserum from the mouse with the strongest response will be referred to as anti-b6.1. For detection of antigen on
Western blots, anti-b61 was routinely used at a dilution of 1/1,000. When anti-b61 was used to immunofluorescently stain Drosophila embryos, only a general cytoplasmic staining, indistinguishable from background, was observed.
Antibodies to GST.DmCp fusion protein. cDNA insert was purified from Xgtll.DmC and ligated into a pGEX1 vector (Pharmacia-LKB) to give the plasmid pGEX.DmC. This produced a glutathione-S-transferase fusion protein (GST. DmCp). Total expressed pGEX.DmC and bacterial proteins were loaded onto a 50-ml glutathione-agarose column (sulfur linkage; Sigma Chemical Co.) and eluted with a 50-ml gradient of 0 to 50 mM reduced glutathione in 100 mM Tris HCl (pH 8.0) (40) . Proteins in the largest protein peak eluted from this column were separated electrophoretically on a 1D gel. A test strip from this gel was blotted and reacted with anti-b6.1 to ascertain the exact position of GST-DmCp. A 150-to 250-,ug portion of this protein was cut from the 1D gel, suspended in 1 ml of RIBI adjuvant, and injected subcutaneously into a rabbit. This injection was repeated twice more at 10-day intervals. Antibodies were affinity purified from whole-rabbit serum by using a column made of glutathione-agarose beads to which proteins from pGEX.DmC-infected bacteria had been bound. The wholerabbit antiserum was loaded onto the column. After being washed, bound antibodies were eluted with 100 mM diethylamine (pH 11.6) and immediately neutralized (22) . This antibody will be referred to as anti-GST. DmCp Xgtll.DmC, using standard techniques (36) . Five positive clones were identified from 125,000 plaques screened. These five clones turned out to have identical inserts, and so four of these clones were discarded and one (XgtlO.Dm237) was kept for further analysis.
(ii) Genomic library. The Drosophila Oregon-R EMBL4 genomic library of Pirrotta was screened. Two positive (XEMBIA.DmA and XEMBIA.DmD) clones were identified from 60,000 plaques screened.
Sequencing. (i) Nucleic acids. Sequencing was done by the dideoxynucleotide-chain termination method (37) with the Sequenase kit (U.S. Biochemical Corp.). For sequencing, cDNA inserts were subcloned into a pBluescript SK-vector (Stratagene) and M13 universal primers were used. Internal sequences were determined either by using an oligonucleotide primer to an internal sequence or by using the Erasea-Base kit (Promega). Both strands of Xgtll.DmC and XgtlO.Dm237 were sequenced. DNA database searches were done by using the FASTA program (30) .
(ii) Proteins (29) . The sample was then analyzed by 2D gel electrophoresis. Immediately before the treated protein was loaded onto the isoelectric focusing gel, 10 pmol of untreated dGDI was added to the sample to act as an internal gel marker for precise comparison of isoelectric points between treated and untreated dGDI. The activity of the phosphatase was checked by a colorimetric phosphatase assay with p-nitrophenyl phosphate as the substrate.
In situ hybridization. Third-instar larval salivary glands were dissected, fixed, and squashed by the method of Johnson-Schlitz and Lim (23) . Biotin-labeled DNA probe was made by the procedure of Feinberg and Vogelstein (17) with biotinylated ATP and then hybridized to polytene chromosomes by using method 3 of Langer-Safer et al. (27) . Hybridized probe was detected by its reaction with streptavidin-peroxidase (ENZO Biochem) followed by peroxidase staining with diaminobenzidine.
In (29) was added, and the samples were analyzed by 2D gel electrophoresis. To determine clearly which isoform of Drosophila GDI was made during in vitro translation, several quartet ovaries, which contained both GDI isoforms, were coloaded with the T7 transcript translation product. The quartet ovaries were from quartetRl W630 homozygous adult female flies that had been kept at 27°C for 2 days.
The 2D gels of the translation products were blotted to an Immobilon-P membrane and stained for Drosophila GDI with a mouse anti-native protein b6.1 antibody at a dilution of 1/1,000. The stained blots were dried and autoradiographed. VOL. 13, 1993 on To ensure accurate alignment of the stained blot and the autoradiographic image, the blots were taped to a firm support and two light-emitting markers were placed asymmetrically on this support. The image of the markers on the exposed film could then be easily and accurately lined up with the markers positioned on the support and hence allowed careful assessment of which isoform of Drosophila GDI was made.
Nucleotide sequence accession number. The GenBank accession number of dGDI is L03209.
RESULTS
Purification of protein b6.1. A chromatographic isolation protocol was devised to purify protein b6.1, one of three proteins which undergo a basic shift in isoelectric point in quartet mutants (11) (12) (13) . Since protein b6.1 is well resolved from neighboring proteins on 2D gels, it can be unambiguously identified by its 2D gel mobility. Therefore, the purification of protein b61 was monitored by 2D gel analysis of chromatographically separated Drosophila embryo proteins.
The presence of a protein with the same molecular weight and isoelectric point as protein b6.1 on 2D gels of column fractions was taken to indicate that protein b61 was present in those fractions. For final confirmation, peptide maps of the purified protein were compared with peptide maps of protein b61 that had been cut from 2D gels of ovary proteins.
The purification scheme involved three chromatographic separations. Embryos were homogenized, and the homogenate was centrifuged to remove large particulate debris. The supernatant was loaded onto a DEAE ion-exchange column, and bound proteins were eluted with a salt gradient (Fig.  1A) . Column fractions containing protein b61 were pooled, concentrated, and loaded onto a Sephadex G-100 molecular sieve column (Fig. 1B) . G-100 fractions containing protein b6.1 were pooled, concentrated and loaded onto a HAP column (Fig. 1C) . HAP fractions containing protein b6.1 were pooled. This purification scheme gave an increasing level of purity with each step (Fig. 1D ), resulting in a fraction that contained one major and several minor proteins (Fig.  1D, lane 4 (Fig. 3) . On a 2D Western blot of ovary proteins, anti-b6.1 reacted only with protein b6.1 (Fig. 4) GAT GTC GAT GTG CTA GGA ACC GGG CTC AAG GAG TGC ATC CTC AGC GGG ATA ATG CTG 126
TCC GTG TCC GGC AAG AAG GTT TTG CAT ATT GAT CGA MC MG TAC TAC GGC GGC GAG 183
TCC GCT TCG ATA ACG CCG CTG GAG GAG CTC TTC CAG CGC TAC CGG ACT GGA GCC GCC 240
CGG CCA CGA TTT GGG CGT GGC CGC GAC TGG AAC GTG GAC CTG ATC CCT MG TTC CTA 297
GAG TTC MG TCC ATC GAG GGC AGC TAC GTT TAC MG GGC GGC AAG ATA GCC AAG GTG 411
CCG GTG GAC CM AAG GAG GCC CTG GCA TCC GAT CTC ATG GGT ATG TTC GAG MG CGT 468
CGC TTC CGG MC TTC CTC ATC TAC GTG CAG GAT TTC CGA GM GAT GAC CCC AAG ACC 525
TGG AAG GAC TTT GAC CCC ACC AMG GCC MC ATG CAG GGT CTG TAC GAC MG TTC GGA 582
GAG TAT CTG AAC GAG CCG GCC GTT AAC ACC ATC CGG CGG ATT MG CTC TAC TCC GAT 696
TCG CTG GCG CGT TAC GGC AAG TCG CCC TAC CTT TAT CCC ATG TAC GGC CTG GGT GAG 753
CTG CCC CAG GGA TTC GCA CGC TTG TCG GCC ATC TAC GGC GGC ACC TAT ATG CTG GAC 810
MG CCC ATC GAC GAG ATT GTC CTC GGC GAG GGC GGC AAG GTG GTG GGA GTG CGC TCC 867
GGC GAA GAG GTC GCC AAG TGC AAG CAG GTC TAC TGC GAT CCC AGC TAC GTG CCG AGA 924
AGG TTG CGC MG CGT GGC AAG GTG ATT CGC TGC ATT TGC ATT CAG GAC CAT CCA GGT 981
GCC AGC ACC AAG GAT GGT CTC TCC ACG CAG ATT ATC ATT CCA CM MG CAG GTT GGC 1038
CGC MG TCG GAC ATC TAT GTA TCG CTT GTG AGC TCC ACT CAT CAG GTG GCC GCC MG 1095
GGT TGG TTC GTA GGC ATG GTC TCG ACC ACC GTT GAG ACC GAG AAC COG GAG GTG GAG 1152 treated dGDI added to the sample to act as an internal marker on the same gel. Phosphatase-treated and control dGDI had exactly the same mobility, indicating that dGDI is probably not phosphorylated. Several minor contaminant proteins did shift in isoelectric point, indicating that the phosphatase was functional, a finding which was also confirmed by colorimetric assay of phosphatase activity. A third series of experiments was designed to find whether the modification was acidic or basic. The dGDI complete cDNA was transcribed in vitro, and the transcript was translated in vitro. The dGDI translation product was analyzed by 2D gel electrophoresis. A small number of quartetR 630 ovaries were loaded as an internal marker for both isoforms of dGDI. It was found that most of the in vitro translated dGDI comigrated with the pI 6.1 isoform of dGDI, the more acidic of the two isoforms (Fig. 10) . Since most posttranslational modifications work inefficiently in an in vitro translation system (6, 21, 33) , this result would suggest that the pI 6.1 isoform of dGDI is the unmodified form and that the pI 6.2 isoform, which accumulates in quartet tissue, is the modified form. This result would suggest that the difference between the pI 6.1 dGDI and the pI 6.2 dGDI is a basic modification.
DISCUSSION
We report here. a Drosophila homolog to bovine smg p25a GDI, a regulator of small GTPases of the rab/SEC41YPT1 family. Until now only three GDIs have been purified: smg p25a GDI, rho GUI, and rabll GDI (42) . smg p25a GDI has been shown to bind specifically to the rab/SEC4IYPT1 family of GTP-binding proteins and not to proteins from other small GTPase families, such as ras and rho (38, 39) . rho GDI is very different from smg p25a GDI: it is only about half the size of smg p25a GDI (44) and does not show any homology to smg p25a GDI at either the nucleotide or amino acid level (18) . Moreover, rho GDI has been reported to have two functions. In addition to acting as a GDI specifically on rho (and not on ras or smg p25a), it is part of an activating complex for NADPH oxidase (1) . Rat rabll GDI is very similar to bovine smg p25a GDI (45) . The limited sequence information indicates that of 83 amino acids sequenced, only 2 differ. However, bovine smg p24 GDI is active on rabll and not on smg p25a, whereas rat rabll GDI is active on both rabll and smg p25a. It is not clear whether this represents two distinct classes of rab GDIs or whether the incomplete reactivity of rat rabll GDI on bovine smg p25a is due to species specificity.
dGDI is a single-copy gene, indicating that Drosophila does not appear to have a family of closely related rab GDIs. Vertebrates have at least 12 rab GTPases, and yeasts have 2 (reviewed in reference 3). In D. melanogaster, one rab gene has been identified (a homolog of rab3A [24] ), and it is likely that D. melanogaster also has multiple rab GTPases. Thus accumulates in quartet homozygous tissue. However, since genetic data demonstrate conclusively that all five mutations of quartet that have been examined are loss-of-function mutations (11, 12, 31), it seems unlikely that quartet mutations create a novel modifying activity. It could be that a basic modification inactivates dGDI and that the wild-type quartet gene product removes the basic modification and reactivates dGDI (Fig. 11) . This cycle of modification and demodification may be essential for dGDI to bind and then release rab GTPases. It may be that the quartet gene product is involved in a cycle of modification and demodification which regulates dGDI function (Fig. 11) .
There is a very tight correlation between the shift in dGDI and the quartet Indeed, homozygous quartetRw630 females must be exposed to a rcstrictive temperature for at least 1 day before a defect is seen in the embryos they produce (11). Furthermore, if these affected embryos are kept at a permissive temperature, the same range of defects are observed. These observations are consistent with a role for quartet in a process in oogenesis, such as in vesicular transport in the nurse celloocyte complex.
The second point of the life cycle at which mitotic defects are observed in quartet homozygotes is during late third instar. A reduced mitotic index with an elevated frequency of abnormal mitotic figures has been seen in the larval brains of four quartet alleles (31, 47) . In the abnormal mitotic figures, common abnormalities seen are fragmented chromosomes and incompletely condensed chromosomes. It is more difficult to attribute these mitotic defects to defects in secretion and endocytosis. The rab family of small GTPases has not been implicated directly in other kinds of intracellular movement, such as chromosome movement, although a subset of rab GTPases is phosphorylated in concert with the mitotic cycle (2) . The final test of the role of dGDI in the quartet phenotype, in vesicular transport, and in mitosis will be the isolation of dGDI mutants and examination of their phenotype.
